A Major purpose oOf the Iechni-
cal Information Center is to provide
the broadest dissemination possi-
ble of information contained in
DOE’s Research and Development
Reports to business, industry, the
academic community, and federal,
state and local governments.

Although a small portion of this
report is not reproducible, it is
being made available to expedite
the availability of information on the
research discussed herein.

1



LA-UR--89-2423
DE8B9 015411

Los Alamos Natonal Laboratory is operated by (he University of Calilornia for the Unied Siates Deoartment of Energy under contract W-7405-ENG-38.

1TLE: COHERENT ANTI-STOKES RAMAN SPECTROSCOPY OF
SHOCK-COMPRESSED LIQUID OXYGEN

S. C. SCHMIDT
D. S. MOORE
M. S. SHAY
J. D. JOHNSON

AUTHOR(S):

SUBMITTED TO: 1989 APS TOPICAL CONFERENCE ON SHOCK COMPRESSION
OF CONDENSED MATTER
AUGUST 14-17, 1989
ALBUQUERQUE, NEW MEXICO

DISCLAIMER

Thia report was prepared as an account of work sponsored by an agency of the United States
QGovernment. Neithar the United States Government nor any agency thersol, nor any of thelr
oemployses, mukes any warranty, express or implied, or assumes any legr! linbility or rusponsi-
bility for the accuracy, completensss, or usefulness of any informstion, apparstus, prod-ict, of
provess disclosed, or represents that its use would not infrings privately owned rights. Refer-
ence herein (o any specific commercial product, process, or service by trade name, trademark,
manufacturer. o1 otherwise dnes not neceasarily constitute or imply its endorssment, recom-
mendation, or favoring by the United States Clovernment or any agency thereof. The views
and opiniona of authors expressed harein do not necessarily state or reflect thoss of the
Unitad States Government or any agency thereof,

By acceptance of 1his article. the publisher recc nizes that the U 8 Governmaeni retaing a nonsuciusi «e. royalty-lrge license 10 publish o« reproduce
the published lorm of this conlnbution. or to aliow othess 10 do 80. for US Qovernment purposes

The Los Alamoz Natonal Laboratory requests that Ihe publisher identity Inis arucle s work pertormad under 1he Buspices of the U 8 O pariment of Energy

179
Los Alamos izimzemass_g


About This Report
This official electronic version was created by scanning the best available paper or microfiche copy of the original report at a 300 dpi resolution.  Original color illustrations appear as black and white images.



For additional information or comments, contact: 



Library Without Walls Project 

Los Alamos National Laboratory Research Library

Los Alamos, NM 87544 

Phone: (505)667-4448 

E-mail: lwwp@lanl.gov


COHERENT ANTI-STOKES RAMAN SPECTROSCOPY OF SHOCK-COMPRESSED LIQUID OXYGEN*

S. C. Schmidt, D. S. Moore, M. S. Shaw, and J. D. Johnson
Lcs Alamos National Laboratory, Los Alamos, New Mexico 87545 USA

Vibrational spectra of liquid oxygen, shock compressed to several high-pressure/high-temperature states, were
obtained using single-pulse multiplex coherent anti-Stokes Raman scattering (CARS). The experimental spectra
were compared to synthetic spectra calculated using a semiclassical model for the CARS intensities and best
fit vibrational frequencies, peak Raman susceptibilities, and Raman Hnewidths. Up to the maximum shock
prassure of 9.6 GPa, the vibrational frequenciss were found to increase monotonically with pressure. An
empirical fit, which could be used as & pressure/temperature/frequency calibration standard, showed that the
Raman frequency shifts could be accurately described by linear pressure and tempersture dependences. Above
s9 GPa, the liquid oxygen opacity at 632.8 nm increased rapidly, presumably becauwse of praximity (collision)-
induced absorption. Cakuiations showed that the induced absorption did not resonantly enhance the CARS

spectra, but did attenuate the laser beams and the CARS signale.

1. INTRODUCTION

The behavior of simple molecular fluids at high
pressure and temperature is of considerable interest
because of the importance of these fluids in the plan-
nary sclences, in chemical explosives technology, and
lor obtalning fundamental understanding of inter- and
intra-molecular forces and energy transfer mecha-
alams.  Historically, equatiop-of-state and energy
\ransfer phenomenology have been determined from
bydrodynamic and thermodynamic measurements
wuch as shock-Hugoniot data. Recently, we demon-
itrated that it is possible, using coherent anti-Stokes
Raman Spectroscopy (CARS), to obtain microscopic
information about molecular nitrogen in the high-
lemperature dense fuld state.!? Those results sup-
port well the microscopk notions assumed in present
aitrogen equation-of-state models?=? including recent
ralculations of molecular vibrational frequencies.® In
this paper we report similar measurements for molec-
1lar axygen.

Equation-of-state and thermodynamic data have
been obtained fot axygen at pressures up to 86 GPa
ind temperstures beyond 10,000 K using both
natic’™?! and dynamic'?—* compression techniques.
These measiirements have been complimented by cal-
:ulations that describe the thermodynamic state of
\he Buid!¢!" and solid!® phases. Electronic absorp-

*This work was supported by the US Department
o Epergy.

tion and vibrational stretching frequencies have been
measured for solid™7-!® and liquid?® oxygen. The
pressure dependence of the intramolecular mode fre-
quencies for the solid phase has been calculated using a
perturbation analysis.?!3? There are no known calcu-
lations of the O3 vibrational frequencies for the high-
temperature dense fuid state. The high-pressure/
high-temperature states of liquid O, investigated in
this study (given in Table [) were achieved by dynamic
compression technlques and the vibrational specira
were recorded using CARS. The experimental apps-
ratus and data accuracy have been described previ-
ously.3?

2. RESULTS AND DISCUSSION

Figure 1 shows experimental CARS results ob-
tained at three different shock conditions. These spec-
tra have been Fourler filtered?? using s low-pass flter
to reduce higher Fourler frequenzy components. The
spectral lines on the left result from the 0-1 transi-
tion of the shock-compressed oxygen and the features
to the right are the O-1 transition from s thin layer
of unshocked material. Also given in Fig. 1 are syn-
thetk spectra obtained using a semiclassical theory to
determine the CARS intensity.!:3:33

For liquid oxygen, the presence of proximity (col-
lision) induced sbsorption bande?*=% in the spectral
region where thess CARS experiments were performed
leads to the possibility of electronic resonantly-
enhanced CARS,?! as well as absorption of the pump,



Stoker, and anti-Stokes beams. These possibilitis
were investigated by incorporating them into the
CARS calculations of synthetic spectra and an emplri-
cal modael for the absorption.?® Unsuccessful attempts
to favorably compare calculated results with experi-
mental spectra suggested that the proximity induced
absorption bands did not contribute to an electronic
resonant enhancement of the CARS spectra.?® A pos-
sible explanation for this behavior is that resonance
enhancement occurs when the dipole moment respon-
sible for absorption resides In the scattering molecule.
Because for the oxygen, the induced abeorption is »
consequence of a single photon being split to effect two
electronic transitions in two different molecules,3¥:3¢
it ls not clear where the abeorption dipole moment
resides. In addition, triple resonance is probably not
possible because the absorption of one photon by the
scattering molecule and its partner would require the
presence of a second collision partner at precisely the
right time and position to make possible the absorp-

tion of the second photon. We do, however, account
for the effects of absorption on w,, w,, and w,, when
calculating the CARS intensity.

The transition frequencies, ratios of peak suscepti-
bility to non-resonant background and linewidths used
to calculate these spectra and the spectra for the re-
mainicy experiments are given in Table I. Because the
tempertture obtained in these experiments were too
low to produce hot-band transitions of sufficient intes.-
sity to be readily visible, eatimatas of vibrational tem.
peratures were not possible.? In the calculations, how-
ever, we included one hot-band transition at the gas-
phuse separation value of 24.1 cm~?,%? and at a peak
susceptibility reflecting Boltsmann equilibrium popu-
lation of the vibrational energy leveis.? So they may
in no way accldentally be interpreted as experimental
data, these values aro not listed in Table L Inclusion of
these transitions confirmed that the shock-compressed
axygen did not have an abnormally high-vibrational
temperature.

Table L. Summary of shock conditions and spectroscopic parameters. (P is pressurein GPa, p is 1073
times the density in kg/m?, T, is equation-of-state temperature in KX, v s shock velocity (km/s),

Wy, ANd W, are the pump and transition frequencies (cm=!), respectively, x;"/x"’ is the ratio of the
peak suscepiibility to nonresonant background, and I; is the linewidth (HWHM, em~!) |

—-Single-Shock Experiment —Doyble-Shock Experiment

Initia)
< . x' .

Conditions wy E%.- L, Wy x> T,
P =0.00010 Not 1551.3 150.0 0.118
p=1.169 Shocked
T =84.4
wy = 17176.9
F = 0.00010 P=428 1564.3 35.0 0.6 P=908 1579.3 4.0 12
p=1.169 p =188 p =221
T =844 Teoe = 3068 T oo = 492
wy, = 171769 v m 3,30
P = 0.00010 P=178 1569.6 12.8 1.3
p = 1.187 p =201
T =870 Teoe = 782
wy = 171769 v =13.08
P = 0.00010 P =83 1572.0 9.4 2.2
pm1.172 pe 3,04
T =839 Teoe = 811
Wy = 17176.9 v =408
P =0.00010 Pw=g.l 1572.8 1.0 2.5
p = 1.169 p = 12,07
T =844 Teos = 926
wy = 15953.5 v=4.22
P = 0.00010 P=900 1574.2 5.7 2.7
p=1.108 p =200
T =852 Teos = 1013
wy = 17176.9 v =432
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Fig. 1. Representative CARS spectra: a) — 7.8 GPa
and 752 K, — synthetic spectrum. b) — 8.3 GPa
and 811 K, — synthetic spe-trum. ¢) — 0.1 GPa and
928 K, — synthatic spectrum.

Figure 2 shows the measured Raman shifts vs pres-
sure for the shock states given In Table L Ther« a a
monotonic incresse of the vibrational frequency with
incteasing pressure. This Is in contrast to the bebav-
lor observed In nitrogen,? where the frequency first
increases with pressure, then reverses and begins to
decreass with further increases ln pressure. However,
the maximum preseure of these experiments ls con-
siderably less than the pressure, - 178 GPa, where
the frequency reveral occurred for nitrogen. When
the Buid ls singly or doubly shocked to the same pres-
swre, the difference in the measured Raman shift re-
sults from the effacts of temperature on the poten-
tlal and oa the portion of the potential sampled on
sverage.?

The measured Raman frequency shifta for ambient,
singly-shocked and doubly-shocked oxygen were least
squares 8t (o the following empirical relation

Wiealg ™ We = w2,

+3.234(£0.083)P - 0.00913(£0.00088) T (1)

where the pressure, P and tamperature, T ure given (n
GPa and K, respectively. w, equal to 1576.3 cm~! was
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Fig. 22 Raman shift versus pressure. o - single shock;
o - double shock; — losotherma at temperature in K.

chosen to match experimental data at amblant pres-
sure and w,z, equal to 12.073 cmn~! was taken from
Heraberg.?? The range of values shown for the pressure
and temperature coefficlunts are the standard errors
for thete coufliclents resulting {rom the least squares
fit. The standard error of the fit is 0.33 cm~!. The
short segment near each dats polnt in Flg. 3 gives the
cakulated frequency value from Eq. (1) at the mes-
sured pressure and tampersture and the long curves
show the pasitions of the 300-K, 800-K, and 1000-K
isotherms also obtalned using Eq. (1). Each isotherm
la drawn over the appraximate range of validity of the
emplrical fit.

3. CONCLUSIONS

At single-shock pressures up to 9.6 GPs and
1013 K, oxygen exists as a molecular Auid whose vibra-
tional frequency /ncreases with pressure, CARS spac-
tra obtained using laser {requencies that were attenu-
ated by proximity-induced absarption bands could be
modeled s ordinary CARS spectra, i.e., no electronl
resonant enhancement was apparent. An empirical fit
showed Lhat the Raman frequancy shifts could be accu-
rataly described with linear pressure and lemperature
dependences. This it could presumably be used as a
pressure/temperature/{requency callbration standard
in more ill-defined experiments, e.g., Iaser heating in
a diamond-anvil cell.
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